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This paper employs static atomistic simulations to investigate the effect of a void on the nanoindentation
of Cu (111). The simulations minimize the potential energy of the complete system via ﬁnite element
formulation to identify the equilibrium conﬁguration of any deformed state. The size and depth of the
void are treated as two variable parameters. The numerical results reveal that the void disappears when
the indentation depth is sufﬁciently large. A stress concentration is observed at the internal surface of the
void in all simulations cases. The results indicate that the presence of a void has a signiﬁcant inﬂuence on
the nanohardness extracted from the nanoindentation tests.
 2009 Elsevier Ltd. All rights reserved.1. Introduction
Nanoindentation is an effective means of determining the
mechanical properties of thin ﬁlms and surfaces in nanometer re-
gimes (Lucas et al., 1998; Hay et al., 1998; Hay and Pharr, 1998; Lu
and Komvopoulos, 2001). Computer simulation has attracted
increasing interest in recent years as a technique for gaining valu-
able insights into the atomic processes associated with the nanoin-
dentation cycle.
Jeng and Tan (2002) employed static atomistic calculations to
study the tension experiments in a thin copper ﬁlm, and concluded
that the size effect is more evident at smaller ﬁlm thicknesses.
Zimmerman et al. (2001) conducted atomistic simulations to clar-
ify the surface step effects on nanoindentation. Their results indi-
cated that the yielding load decreases when indentation is
performed in the vicinity of a surface step. de la Fuente et al.
(2002) studied nanoindentation using scanning tunneling micros-
copy and atomistic simulations. The numerical results successfully
reproduced the dislocation loops observed experimentally. Lilleod-
den et al. (2003) conducted Atomistic simulations of elastic defor-
mation and dislocation nucleation during nanoindentation. The
results indicate that high angle grain boundaries are a ready source
of dislocations in indentation-induced deformation. Knap and Or-
tiz (2003) considered the effects of the indenter radius size on
the nanoindentation of Au (001), and demonstrated that the in-
denter force is an unreliable indicator of the onset of dislocation
for indenter sizes in the experimental range. Potirniche et al.
(2006) conducted a molecular dynamics study of void growth
and void coalescence in single crystal nickel. Their results showedll rights reserved.
: +886 5 226 3723.
).that the specimen length scale changes the dislocation patterns,
the evolving void aspect ratio, and the stress–strain responses un-
der remote tension loading.
A literature review reveals that previous studies have never ad-
dressed the nanoindentation of voided crystals. Although it is well
known that even the purest real material contains a large number
of defects within its crystal structure, it is impractical to simulate
all of these defects at the atomic level. Hence, this study analyzes
the interesting and computationally more straightforward problem
of how the nanoindentation of Cu (111) crystal is inﬂuenced by the
presence of a single void. The relative inﬂuences of the void size
and void depth upon the extracted nanohardness results are ex-
plored and discussed.
2. Simulation methodology
As shown in Fig. 1, the simulated system conﬁguration com-
prises a perfect three-dimensional crystalline slab of copper atoms
with a (111) surface, and a spherical indenter whose outer surface
atoms form many facets due to its crystalline structure. The size of
the simulation systems is 4.5 nm  4.5 nm  3.0 nm. As can be
seen in Fig. 1, the indenter colored in black is a hemisphere. One
can view it as the tip of the indenter and the tip radius is 1.2 nm.
Although, not evident in the ﬁgure, the model also includes a
spherical void embedded under the surface of the crystalline Cu
slab directly beneath the tip of the indenter. It is assumed that
the hardness of the indenter’s diamond tip is far greater than that
of the thin copper ﬁlm, and hence deformation of the indenter dur-
ing the indentation process can be neglected. Further, the simula-
tions impose boundary conditions in which the atoms located at
the four sides and the base of the simulated ﬁlm are fully
constrained. The interatomic potential of the copper substrate is
Fig. 1. Atomistic model used in nanoindentation simulations (units: Angstrom).
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(Raﬁi-Tabar, 2000), which has the same functional form as an
embedded atom method (EAM) potential, i.e.
U ¼
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where qi is an electron density-like term for atom i, which is deﬁned
as:
qi ¼
X
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where ri j is the distance between atoms i and j. The copper con-
stants e, a, c, m, and n have values of 1.238  102, 3.6, 39.432, 6,
and 9, respectively. The potential between the carbon and copper
atoms is simulated using the Born–Mayer potential referring to
the article (Inamura et al., 1991), which produces an impulsive force
only. This potential has the following form:
/ðrijÞ ¼ A exp½2aðrij  r0Þ ð4Þ
where rij is the distance between carbon atom i and copper atom j,
and the carbon/copper constants A, a, and r0 have values of 0.3579,
0.9545, and 2.5, respectively.
The methodology adopted in this study is similar to the one
referring to the article (Tadmor et al., 1996), atoms are regarded
as nodes, and their potentials are considered to be elements. It is
assumed that atom ‘i’ is located at position (xi,yi,zi) with displace-
ments ui, vi, and wi in the x-, y- and z-directions, respectively. By
deﬁning the nodal displacement vector for the ‘i‘ atom as {u}i
and the corresponding external nodal force vector as {F}i = (fi,gi, -
hi)T, the total potential energy for atom ‘i’ can be expressed as:
Ei ¼ 12
X
j–i
/ðrijÞ þ F
X
j–i
f ðrijÞ
 !
 fugTi fFgi ð5Þ
where the atomic distance ri j is given by:rij ¼ ðxi þ ui  xjÞ2 þ ðyi þ v i  yjÞ2 þ ðzi þwi  zjÞ2
n o1=2
ð6Þ
The differential of the atomic distance with respect to {u}i can be
expressed as:
drij ¼ 1rij ½xi þ ui  xj; yi þ v i  yj; zi þwi  zjdfugi
¼ ½Bdfugi ð7Þ
The principle of minimum work enforces the minimization
of the total energy of the atom ‘i’ with respect to {u}i such
that:
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Eq. (8) expresses the equilibrium equation at atom ‘i’, which repre-
sents the equilibrium of the forces acting on atoms ‘i’.
The unbalance force, {n}i, can then be deﬁned as:
fngi ¼
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In order to solve this nonlinear equilibrium equation in an efﬁ-
cient iterative way, it is necessary to differentiate {n}i with respect
to {u}i, i.e.
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Subsequently, the conventional ﬁnite element formulation assem-
bly procedure can be employed to assemble Eq. (8) in order to ob-
tain the total system equation, i.e.
dfng ¼ ½KT dfug ð11Þ
Similarly, Eq. (7) can be assembled to obtain the equilibrium
equation of the total system, i.e.X
i
ni ¼ ffginternal  fFgexternal ¼ f0g ð12Þ
In terms of the ﬁnite element formulation, Eq. (11) represents the
tangent stiffness equation, while the terms {f}internal and {F}external
in Eq. (12) denote the internal force vector and the external force
vector, respectively.
The present simulation adopts the Newton–Raphson itera-
tive technique to solve Eq. (12) via the following displace-
ment control scheme. First, it is assumed that the external
force vector {F} retains a speciﬁed form during the iteration
process, i.e.
fFgi ¼ fFgi1 þ kifbFg ; i ¼ 1;2; . . . ð13Þ
where fbFg is the reference load vector.
If Eq. (13) is substituted into Eq. (11), the iterative tangent stiff-
ness equation becomes:
½KT dfugi ¼ kifbFg þ dfngi ; i ¼ 1;2; . . . ð14Þ
The iterative displacement increment can be written in a similar
form, i.e.
dfugi ¼ kifugia þ dfugib ; i ¼ 1;2; . . . ð15Þ
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½KT fugia ¼ fbFg
½KT dfugib ¼ dfngi
(
; i ¼ 1;2; . . . ð16Þ
The displacement control scheme is so called because the qth
component of the incremental displacement vector is maintained
as a constant during the iteration process, i.e.
kiuiaq þ duibq ¼ duiq
duiq ¼
duq; i ¼ 1
0; i > 1
	 ð17Þ
The size (i.e. the diameter) and the depth of the void are regarded as
two variable parameters in the current simulations. Once the equi-
librium position of each atom has been determined, the stress ten-
sor at the atomic site can be determined referring to the article
(Horstemeyer et al., 2002), i.e.
rikm ¼
1
Vi
XN
j–i
f ijk r
ij
m ð18Þ
where i refers to the atom in question, j refers to the neighboring
atom, rijm is the displacement vector from atom i to atom j, N is
the number of nearest neighboring atoms, and Vi is the volume of
the atom in question.
Slip vector analysis referring to the article (Zimmerman et al.,
2001) is utilized to observe the dislocation activity. The slip vector
is given by:
s ¼ 1
ns
Xns
j
ðrjt  rjhÞ ð19Þ
where j is one of the nearest neighbors of the atom in question, ns is
the number of neighboring atoms which have slipped, and rjt and r
j
h
are the vector differences of atom j and the atom in question at
indentation displacement steps t and h, respectively.Indentation Depth (0.1nm)
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Fig. 2. Load-depth curves for two void parameters: (a) void size and (b) void depth.
Table 1
Nanohardness values for two void parameters (void size and depth).
Void parameters (size and
depth)
Maximum load (10 eV/
nm)
Nanohardness
(Gpa)
No void 222 6.27
Size = 0.8 nm Depth = 1.3 nm 194 5.58
Size = 1.2 nm Depth = 1.0 nm 183 5.32
Size = 1.2 nm Depth = 1.5 nm 190 5.52
Size = 1.2 nm Depth = 2.0 nm 196 5.69
Size = 1.6 nm Depth = 1.7 nm 182 5.293. Results and discussion
We call the void radius the size of the void. The void depth in
this study means the distance from the surface of the slab to the
center of the void. Fig. 2(a) presents the variation in the load (i.e.
the force experienced by the indenter) with the indentation
depth for nanoindentation cycles performed with no void and
with voids of three different sizes, respectively. Meanwhile,
Fig. 2(b) shows the load-depth curves for nanoindentation cycles
performed with no void and with voids positioned at three dif-
ferent depths within the Cu slab, respectively. Fig. 2(a) demon-
strates that, compared to the no void case, the presence of a
void of any size leads to an enhanced displacement burst at an
indentation depth of 0.55 nm and a 10–15% reduction in the
magnitude of the maximum load. As one can see in Fig. 1, the
outer normal direction of the upper surface of the slab is
[111]. It is the stiffest direction in the copper lattice. Therefore
it is expected that the 10–15% difference revealed in this study
should be the more visible one than others in different orienta-
tions. Fig. 2(b) shows that the reduction in the maximum load is
larger when the void is located closer to the free surface, i.e. the
void depth is smaller. For the minimum void depth of 1.0 nm,
the displacement burst is activated at a smaller indentation
depth and results in the greatest load reduction. Having evalu-
ated the contact pressure from Eq. (5), the true contact area
can be accurately determined and the nanohardness obtained.
Table 1 lists the maximum loads and nanohardnesses obtained
for the different void parameters considered in the present sim-
ulations. The nanohardness is computed by dividing the maxi-mum load by the projected area of contact at that load. Table
1 demonstrates that a larger maximum load always corresponds
to a larger nanohardness for the current simulation conditions.
Hence, it can be concluded that the contact area is not inﬂu-
enced signiﬁcantly by the presence of a void.
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the von Mises stress induced at the maximum indentation depth
in the cross-section of the indented copper substrate through the
indenter tip and parallel with the (101) plane. The results cor-
respond to the case of no void and to the case of a void with a
diameter of 1.2 nm and a depth of 1.5 nm. A comparison of the
four subplots reveals that the distribution of the von Mises stress
is not affected signiﬁcantly by the presence of a void. However,
the void does have a signiﬁcant inﬂuence on the distribution of
the hydrostatic stress. It can be seen that the stress accumulates
at the internal surface of the void causing a reduction in the
contact pressure.
Fig. 4 presents the distributions of the hydrostatic stress for two
different void parameters in the same cross-section as Fig. 3. Sub-
plots (a)–(c) reveal the variation of the hydrostatic stress distribu-
tion with the void size, while subplots (d)–(f) illustrate the
variation of the hydrostatic stress distribution with the void depth.
It is observed in subplots (a) and (d) that although the void disap-
pears, a stress concentration remains at the original void location.
The disappearance of the void is to be expected since in these two
cases, the indentation depth is sufﬁciently large to cause many sur-
rounding atoms to slip into the void vacancy. The remaining sub-
plots of Fig. 4 all reveal that stress accumulates at the internal
surface of the void. The stress accumulation causes a reduction in
the contact pressure and prompts the void to deform into an ellip-
tical shape. A stress reduction in the contact area is consistent with
the maximum load reduction observed when a void exists in the
substrate.Fig. 3. Distributions of hydrostatic stress and von Mises stress in cross-section throug
Hydrostatic stress for no void. (c) von Mises stress for void size = 1.2 nm and depth = 1.
0.1 Gpa).In order to explore the inﬂuence of a void on the deformation
mechanisms in nanoindentation, the dislocation structure in the
substrate can be analyzed by performing a slip vector calculation
at each atomic site. This quantity gives the Burgers vector for the
slip of adjacent atomic planes, where the atom lies on one of these
planes. It has a large magnitude for any inhomogeneous deforma-
tion near an atom and provide information regarding the
deformation.
Fig. 5 presents scatter plots of the distributions of the slip vector
norms at the maximum indentation depth as viewed from four dif-
ferent directions. In this ﬁgure, the results relate to the no void
case. The observed dislocation structures resemble four-sided pyr-
amids, whose sides lie parallel to the four different sets of {111}
planes. This ﬁnding is reasonable since slip is known to occur along
the close-packed {111} planes in FCC crystalline structures. The
slip vector norms indicated in green correspond to 1.47 A, which
is very close to the value of a h112i partial dislocation in copper.
Furthermore, the slip vector norm value of the atoms indicated
in red is 2.56 A, which is consistent with the magnitude of a
h110i perfect dislocation.
Fig. 6 presents the corresponding scatter plots of the distribu-
tions of the slip vector norms at the maximum indentation depth
for the case where the Cu slab contains a void of diameter
1.2 nm and a depth of 1.5 nm. A comparison of Figs. 5 and 6 con-
ﬁrms that the dislocation structure is not inﬂuenced signiﬁcantly
by the presence of a void. This ﬁnding provides a reasonable expla-
nation for the earlier conclusion that the contact area is unaffected
by the existence of a void.h indenter and parallel with (101) plane: (a) von Mises stress for no void. (b)
5 nm. (d) Hydrostatic stress for void size = 1.2 nm and depth = 1.5 nm (stress unit:
Fig. 4. Variation of hydrostatic stress distribution in cross-section through indenter tip with two void parameters: (a–c) void size = 0.8, 1.2, and 1.5 nm. (d–f) Void depth = 1.0,
1.5, and 2.0 nm.
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In conclusion, this study has presented static atomistic simu-
lations of the previously unexplored question of how nanoinden-
tation is inﬂuenced by the presence of a void. Stress analysis has
explained the observed reduction in maximum load caused by a
void. Meanwhile, observation of the dislocation structure by
means of slip vector analysis has shown that deformation in
nanoindentation is not inﬂuenced signiﬁcantly by the presence
of a void. However, the cases simulated in this study have re-
vealed that the existence of a void causes a reduction in the
magnitude of the nanohardness by the order of approximately
10–15%.
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